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Intellectual disability is a disorder defined by the presence of incomplete or arrested 
mental development and characterized by significant limitations both in intellectual 
functioning and in adaptive behavior. Causes are represented by environmental 
and genetics factors and among the genetic forms, in particular monogenetic forms, 
epidemiological studies repeatedly showed a sex bias, with 30 – 50% excess of males 
over females, and led to the assumption that much of the excess of male ID may be 
due to X-linked genes. This type of ID is defined X-linked intellectual disability 
(XLID). Within ID-related genes it was identified oligophrenin-1 (Ophn-1). Ophn-1 
encodes for a RhoGTPase-activating protein (Rho-GAP) that regulates neuronal 
morphology, cell proliferation and migration, and participates in synaptic function. 
The protein is ubiquitously expressed in embryonic and adult tissue, in all brain 
regions, including cortex and hippocampus. In these areas, oligophrenin-1 is 
concentrated in the cell bodies and extended out into the dendrites and spines. At 
the cellular level, Ophn-1 is expressed in both neuronal and glial cells where it 
colocalizes with F-actin structures. Mutations in this gene was observed in patients 
with epileptic activity but the association between intellectual disability and 
epilepsy is object to investigations. Ophn-1 knock out (KO) mice exhibit 
impairments in spatial memory and social behavior, an immature phenotype of 
dendritic spines in CA1 pyramidal neurons associated with altered synaptic 
plasticity. However, how mutations in Ophn-1 affect circuit formation, with 
consequent cognitive impairment and network hyperexcitability remains still 
incompletely understood. During the thesis, we investigated whether the loss of 
function of Ophn-1 could alter inhibitory hippocampal circuitry and seizure 
propensity. We used several experimental approaches (neuroanatomy, in vivo 
electrophysiology and behavior) to characterize the epileptic phenotype of Ophn-1 
KO mice. To investigate the association between intellectual disability and epilepsy, 
we, at first, performed in vivo recordings of local field potentials from hippocampus 
of Ophn-1-/y and control animals. Our data showed that Ophn-1-/y mice display 
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hippocampal hyperexcitability, highlighted by the presence of spontaneous 
seizures. Histological analysis was also used to study the main subtypes of 
GABAergic interneurons in the hilus of Ophn-1+/y and Ophn-1-/y hippocampi. In 
particular, we analyzed the stereological distribution of parvalbumin-, 
somatostatin- and NPY-positive cells. We found that the loss of function of Ophn-1 
produces a reduction of NPY-positive cells and, interestingly, an increased density 
of PV-positive terminals around DG cell somas. Finally, an analysis of seizure 
susceptibility has been performed through intraperitoneal injection of kainic acid, a 
glutamate agonist. This experiment allows to test the hypothesis of a greater 
susceptibility to evoked seizures in in Ophn-1-/y animals and, after two weeks, to 
analyze the neuronal damage induced by epileptic activity. 
These results demonstrate that the loss of function of Ophn-1 affects the adult 
hippocampal circuitry causing functional, anatomical and behavioral alterations. 
These alterations could be the basis of the enhanced seizure propensity and the 















1. Intellectual Disability 
1.1 Definition 
The astonishingly complex network of neurons within our brain relay and store 
information about our surroundings and experiences. Modulation of this complex 
neuronal circuitry allows us to process that information and respond appropriately. 
Proper development of neurons is therefore vital to the mental health of an 
individual, and perturbations in their signaling or morphology are likely to result 
in mental retardation. During the last years the term “mental retardation” was 
replaced with “intellectual disability” (ID) for policy, administrative and legislative 
purposes in many developed countries and in an increasing number of low and 
middle income (LAMI) countries. However, the question whether ID is a disability 
or a health condition remains a debated one. Based on a health condition 
perspective, ID is currently coded as a disorder in International Classification of 
Diseases and Related Health Problems (ICD). According to the tenth revision, the 
intellectual disability is “a disorder defined by the presence of incomplete or 
arrested mental development, principally characterized by the deterioration of 
concrete functions at each stage of development and that contribute to the overall 
level of intelligence, such as cognitive, language, motor and socialization functions; 
in this anomaly, adaptation to the environment is always affected”. For ID, scores 
for intellectual development levels must be determined based on all of the available 
information, including clinical signs, adaptive behavior in the cultural medium of 
the individual and psychometric findings” (Katz et al., 2008). At the same time, 
impairments in intellectual functions that are central components of ID can be 
classified within World Health Organization (WHO)’s International Classification 
of Functioning, Disability and Health (ICF), and therefore seen as a part of 
disability. Based on a disability perspective, the American Association on 
Intellectual and Developmental Disabilities (AAIDD) indicates ID as a disability 
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characterized by significant limitations both in intellectual functioning and in 
adaptive behavior as expressed in conceptual, social, and practical adaptive skills. 
This disability originates before age 18” (Carulla et al., 2011). 
ID affects 1-3% of the population and is defined using the evaluation of Full Scale 
of Intelligence Quotient (FSIR) that distinguishes two main categories (fig. 1): mild 
ID with an intelligence quotient (IQ) between 50 and 70, and severe ID with an IQ 
below 50. Because of its heterogeneity, ID represents one of the most difficult 
challenges faced by clinicians and genetists. 
 
 




Investigating the causes of ID and underlying cellular mechanisms is essential to 
understand the structural and functional basis of ID and may eventually be 
exploited to find some therapies to ameliorate the disease. Causes are essentially 
represented by environment and genetic factors. Among the environmental factors, 
the most related to ID are maternal malnutrition, fetal alcohol exposure and 
infections, premature birth, birth trauma, anoxia and hypothyroidism.  
Conventionally, genetic forms of ID are subdivided into two major categories: 
syndromic ID characterized by associated clinical, radiological, metabolic or 
8 
 
biological features, and non-syndromic (or non-specific) ID forms in which 
cognitive impairment represents the only manifestation of the disease. Although 
this distinction remains very useful for clinical purposes, recent phenotype –
genotype studies and detailed clinical follow-up of patients are indicating that the 
boundaries between syndromic and non-syndromic ID forms are vanishing, and 
some of the latter forms could be recognized as syndromic forms (Chelly et al., 
2006). 
Genetic causes range from chromosomal abnormalities, which are often associated 
with more severe forms of ID, to monogenetic mutations, which underlie milder 
forms. Chromosomal abnormalities include aneuploidies, such as trisomy 21, but 
also subtelomeric and interstitial rearrangements (chromosomal deletion or 
duplication), too small to be detected by conventional cytogenetic analysis. In these 
cases, diagnosis is usually effected through multiprobe FISH and multiplex ligation-
dependent probe amplification (MLPA). 
 
2.1 X-linked Intellectual Disability  
For monogenetic causes, epidemiological studies repeatedly showed a sex bias, 
with 30 – 50% excess of males over females, and led to the assumption that much of 
the excess of male ID may be due to X-linked genes. This type of ID is defined X-
linked intellectual disability (XLID). Usually in this type of syndromes, hemizygous 
males are affected, while heterozygous females are asymptomatic. However, 
females can be affected in two ways: the first one, involving X-linked dominant 
diseases, like Rett syndrome; the second one, in which the females are symptomatic, 
because the X chromosome that bears the mutation is not well inactivated. Thanks 
to the increase and development of more sophysticated techniques to diagnose and 
analyze the major characteristics of these pathologies, it has been found out that 
dozens of genes are involved; in particular, microdeletion or X/autosome 




3. Role of synaptic transmission in Intellectual Disability 
Many of XLID genes are involved in brain development, neurogenesis, neuronal 
migration and synaptic functions. Recent studies suggest that defects in 
synaptogenesis, synaptic activities and plasticity, in particular during learning and 
acquisition of intellectual performances and emotional behavior of postnatal 
development, are perhaps crucial cellular processes that underlie cognitive 
impairment resulting from mutations in some ID-related genes (Chelly et al.,2006). 
There are some evidences of this hypothesis. Many proteins encoded by ID genes 
are located in pre-post synaptic compartments leading to significant alterations in 
dendritic spines and synaptic strength. About dendritic spines, we know that they 
play an important role in synaptic integration and are focal points of synaptic 
plasticity, receiving the majority of excitatory glutamatergic synaptic transmission 
(Ramakers, 2002). So, abnormalities in dendrites and spines are likely to reflect a 
general defect in neuronal connectivity. These alterations usually include changes 
in the shape that appears dysmorphic with elongated spine neck and in some cases 
shows a decreased volume with associated loss of AMPA glutamatergic receptors. 
As consequence, the synaptic strength is modified with a decrease of the excitatory 
current recorded in the post-synaptic neuron (Humeau et al., 2009). 
Explanations of how deficits in dendrites and spines could lead to impaired 
cognitive abilities derive from different studies that try to determine the signaling 
molecules and pathways regulating proper dendrite’s and spine’s development. It 
is clear that those molecules and cascades, important for cytoskeletal regulation, 
have naturally attracted a great deal of attention because changes in the cytoskeletal 
organization of dendrites and spines are likely to affect the structure and function 
of developing and mature synapses (Kasri et al, 2009). As key factors of both the 
actin and microtubule cytoskeletons, the Rho GTPases have emerged as important 
regulators of dendrite and spine structural plasticity. Furthermore mutations in 
regulators and effectors of the Rho GTPases have been found to underlie various 




4. Role of Rho GTPases in Intellectual Disability 
Rho family GTPases belongs to the Ras superfamily of small protein (± 21 KDa) 
GTPases. They have been divided in 8 different subgroup: Rho, Rac, Cdc42, RhoD, 
Rnd, RhoH/TTF, RhoBTB, Miro (Aspenström et al., 2004). Rho proteins are guanine 
nucleotide binding protein, which act as molecular switching cycling between an 
active GTP-bound form and an inactive GDP-bound form; moreover, their activity 
is spatiotemporally regulated by positive regulator guanine nucleotide exchange 
factors (GEFs) and negative regulators GTPases activating proteins (GAPs), and 
guanine nucleotide dissociation inhibitors (GDIs). In particular, it’s been 
demonstrated that Rac1, Cdc42 and RhoA have a major role, involving the changes 
in actin cytoskeleton in neurons (Govek et al., 2011). Specifically, Rac1 and Cdc42 
have been shown to promote the formation, growth and maintenance of spines, 
whereas RhoA induces spine retraction and loss. 
The changes in morphology of dendritic spines are associated with long-term 
potentiation (LTP) and long-term depression (LTD), two processes needed to 
remodel the synapse strength depending on their activity and which are believed 
to be the cellular basis of memory and learning. LTP and LTD are forms of plasticity 
characterized by the coupling between afferent activity and coincident post-
synaptic detection. Briefly, glutamate released by cooperative inputs depolarizes 
the post-synaptic neuron thereby unblocking post-synaptic NMDA receptors, 
which therefore detect the coincident activity of neurons (Humeau et al., 2009). The 
resulting Ca2+ ion influx into the post-synaptic dendritic spine will lead, depending 
on the final Ca2+ concentration, to a potentiation or a diminution of the AMPA 
response, or no effect on pre-synaptic glutamate release, because of modulation of 
the AMPA receptor trafficking (Bienenstock et al. 1982). This plasticity is 
characterized by the back-propagation of action potentials that triggers either LTD 
or LTP when associated with immediately preceding or following pre-synaptic 
glutamate release (Sjo¨stro¨m and Nelson, 2002). Indeed, to produce stable LTP and 
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LTD, enduring actin-dependent structural changes in spine heads are required. 
These changes are majorly linked with incorporation (LTP) or removal (LTD) of 
glutamatergic receptor (AMPARs) (Cingolani et al., 2008): effectively, inhibition of 
actin polymerization attenuates LTP maintenance, whereas LTD is associated with 
filament disassembly (Honkura, 2008).  
 
 
Figure 2. Overview of ID genes and their role in Rho-GTPase signaling at the synapse. On the left 
an excitatory synapse and, on the right, an inhibitory one. The yellow squares represent the Rho-
GTPases, the red ovals are GAP proteins, while green ovals are GEF proteins; finally, ID genes are 
written in red. When activated, Rac1, Cdc42 and RhoA interact with downstream effector proteins, 
which, eventually, results in actin remodeling. (Ba et al., 2013). 
 
Within ID-related genes, three genes were identified encoding oligophrenin-1 
(Ophn-1), the serine/threonine protein kinase PAK3 and the guanine nucleotide 
exchange factor (GEF) αPIX. 
4.1 Ophn-1 gene 
Oligophrenin-1 (Ophn-1) gene is the first Rho-linked ID gene, identified by analysis 
of balanced traslocation t(X; 12) ,observed in a female patient with mild intellectual 
disability (Billuart et al.,1998). It is located in X chromosome, in q12band and 
characterized by 25 exons. As described by Billuart et al., the open reading frame of 
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oligophrenin-1 is 2,406 bases and encodes for a predicted protein with 802 amino 
acids. Comparison of the predicted protein sequence with other sequences in the 
databases indicates that Ophn-1 contains a RhoGAP domain and its amino-terminal 
domain is similar to a highly conserved protein, of unknown function, identified in 
C.elegans, mouse and human. 
Using in situ hybridization, the expression of mouse homologous gene was 
examined during development. The gene is expressed at low level in all tissues and 
at a higher level in all parts of the developing neuroepithelium of the neuronal tube. 
During later differentiation stages in the mature brain, a significant level of 
expression is visible in different brain structures (Billuart et al., 1998). 
The Ophn-1 protein is a RhoGAP and specifically stimulates GTP hydrolysis of 
members of the Rho subfamily, thereby negatively regulating Rho-GTPase activity; 
moreover, its central GAP domain inhibits RhoA, Rac and Cdc42 without any 
specificity (Govek et al., 2005). Its N-terminal end contains BAR (Bin, amphyphysin, 
RSV) domain, which binds endophilin, amphyphysin and Cin85, thereby 
controlling clathrin-mediated endocytosis (CME), through the RhoA/Rho-
associated protein kinase (ROCK) pathway. Beyond that, a pleckstrin homology 
(PH) domain follows, which should confer to Ophn-1 some specificity to the 
membrane binding, through the interaction with phosphoinositides. Finally, there 
is the C-terminal domain with three proline rich regions at amino-acid positions 
575, 629 and 740 with multiple Src homology 2 (SH3) binding domains (Khelfaoui, 
2009). 
The characterization of the protein is effected by Govek et al. studying its presence, 
distribution and subcellular localization. The protein is ubiquitously expressed in 
embryonic and adult tissue, in all brain regions, including cortex and hippocampus. 
In these areas, oligophrenin-1 is concentrated in the cell bodies and extended out 
into the dendrites and spines (Goveck et al., 2005).  At the cellular level, ophn-1 is 
expressed in both neuronal and glial cells where it colocalizes with F-actin 
structures. In glial cells, Ophn-1 localizes with cortical actin and stress fibers, while 
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neuronal cells are enriched in their growth cone, a structure at the tip of neuronal 
processes that leads and directs their growth. This colocalization supports the 
function of Ophn-1 in neuronal morphology: growth or guidance of axons, dendrite 
elaboration and synapse formation (Faucherau et al., 2003).  At the synapse, it must 
be noted that Ophn-1 is present both in presynaptic and in postsynaptic regions of 
excitatory and inhibitory synapses.  
 
4.1.1 Ophn-1 X-linked disability and related impairments 
Despite the fact that some mechanisms in which Ophn-1 is implicated are still 
unknown and that, also, interactions with all cellular proteins have yet to be 
revealed, we can confirm, however, that loss of Ophn-1 leads to synaptic, molecular 
and macroscopic impairments, all of which induce the Ophn-1 related ID. 
 
4.1.1.1 Synaptic impairments 
At synaptic level, we know that the development of nervous system mainly 
depends on formation, maturation and modification of efficacy of synapses. Ophn-
1 through its Rho GAP activity plays a crucial role in the activity-dependent 
maturation and plasticity of excitatory synapses by controlling their structural and 
functional stability. 
By temporally and spatially manipulating Ophn-1 gene expression at the 
hippocampal CA3–CA1 pathway, Kasri et al. demonstrated that Ophn-1 
localization and function in excitatory synapses is dependent on synaptic activity 
and NMDA receptor activation. Ophn-1 is recruited into dendritic spines by 
spontaneous synaptic activity through the activation of NMDARs. Here it forms a 
complex with AMPA receptor and selectively enhances AMPA-receptor-mediated 
synaptic transmission and spine size by stabilizing synaptic AMPA receptors. 
Therefore decrease or defective Ophn-1 signaling causes destabilization of synaptic 
AMPARs and spine structure, leading to impairment in plasticity and eventually 
loss of spines/synapses and NMDRs (Kasri et al., 2009).  
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Indeed, it is been demonstrated by Govek et al. that the knocking down 
oligophrenin-1 significantly decreases dendritic spine length in CA1 pyramidal 
neurons by increasing the activity of one or more of the Rho GTPase family 
members. This reduction in spine length is caused by phosphorylation of myosin 
light chain, either directly by Rho-kinase or indirectly through Rho-kinase 
phosphorylation and inactivation of myosin light chain phosphatase, leading to an 
increase in acto-myosin contractility (Govek et al., 2004).  
Furthermore, there is also an interaction between Ophn-1 and Homer 1b/c, 
important in regulating basal synaptic function, plasticity and in controlling 
functional changes during LTP. Homer proteins are key adaptor molecules that link 
glutamate receptors to multiple intracellular targets and influence dendritic spine 
morphogenesis and synaptic transmission. The interaction with Homer contributes 
to the regulation of excitatory synaptic strength: it is crucial for the positioning of 
the endocitic zones (EZs), stably positionated sites of clathrin adjacent to the 
postsynaptic density (PSD), and allows the normal recycle of AMPA receptors, 
required for synaptic potentiation.  
Consequently, in spines lacking an EZ, local endocytic receptor recycling is 
destroyed, leading to a loss of synaptic AMPARs and impairment in synaptic 
transmission. Similarly, the disruption of the Ophn-1–Homer interaction results in 
impaired receptor recycling/exocytosis along with a decrease in synaptic AMPAR 
expression, in both basal conditions and conditions that can induce synaptic 
potentiation (Nakano- Kobayashi et al., 2014). The interaction is also important in 
regulating dendritic spines morphogenesis and may provide a connection between 
glutamate receptor signaling and actin cytosketetal rearrangements. 
Indeed, there is evidence that glutamate receptor activation affects the stability of 
actin, spine morphology and spine maintenance (Govek et al., 2004). Indeed, it is 
clear that loss of oligophrenin-1 leads changes in spine morphology and alters 
synaptic functions. Conversely, overexpressing Ophn-1 selectively enhances 
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AMPAR-mediated synaptic transmission and increases spine density (Kasri et al., 
2009). 
As we said before, Ophn-1 is present also at presynaptic level of hippocampal 
neurons where it is concentrated in axonal boutons, particular components 
designated to release of neurotransmitters via synaptic vesicles (SVs). After release, 
it is important that a correct recycle of SVs occurs to maintain synaptic transmission. 
Nakano-Kobayashi et al. (Nakano-Kobayashi et al., 2014) demonstrated that Ophn-
1 forms a complex with endophilin A1, a protein implicated in membrane curvature 
generation during SV endocytosis. The interaction with endophilin A1 and its Rho-
GAP activity are important for SV retrieval, which, if it is inefficient, contributes to 
the pathogenesis of Ophn-1-linked intellectual disability. It has also been found that 
Ophn-1 mediates long–term depression caused by activation of group 1 
metabotropic glutamate receptor (mGluR LTD) through interaction with 
endophilin A1. Importantly, this role of Ophn-1 is separable from its effects on basal 
synaptic strength, which requires Ophn-1’s Rho-GAP activity and interaction with 
Homer1b/c. Disruption of Ophn-1’s interaction with endophilin does not affect the 
localization of EZs, indicating that OPHN1’s function in spine EZ positioning is 
independent of its role in postsynaptic endocytosis.  
The available data allow to conclude that Ophn-1 loss of function leads to changes 
in both presynaptic and postsynaptic terminals. The presynaptic deficit could be 
explained by changes in the number of vesicle in the readily releasable pool and 
secretory vesicle availability. While the postsynaptic effect is manifested as a change 
in spine density and dendritic morphology. 
Besides controlling excitatory synaptic transmission, Ophn-1 is also important for 
inhibitory circuits: indeed, impairments in presynaptic vesicle recycling and a 
reduction in the readily releasable pool were recently observed in inhibitory 





4.1.1.2 Molecular impairments 
At the molecular level, constitutive loss of Ophn-1 leads to abnormally high level of 
PKA activity and to the uncoupling of the cAMP/PKA signaling pathway from 
synaptic function and plasticity. cAMP signaling plays a central role in neuronal 
plasticity and learning through PKA activation and long-term changes involving 
transcriptional regulation. Indeed, PKA activation leads to the phosphorylation and 
activation of the cAMP response element binding protein (CREB), which is required 
for activity-dependent gene transcription during the late phase of postsynaptic LTP 
(Benito et al,. 2010). 
Specifically, it has been observed that presynaptic PKA-dependent long term 
plasticity in both amygdala and hippocampus is severely compromised in the 
absence of Ophn-1, whereas postsynaptic plasticity is preserved (Khelfaoui et al., 
2013). Because of cAMP/PKA signaling role in learning and memory processes, they 
have to stay in an optimal range to explicate their physiological action. Too much 
activity or too little activity could result in learning deficits, suggesting the existence 
of complex compensatory mechanism (Selcher et al., 2002).  
 
4.1.2 Ophn-1 ID-related phenotype 
The human phenotype of Ophn-1 ID-related was linked, initially, with a non-
syndromic form of XLID. However, it was, later, demonstrated that the loss of 
Ophn-1 induced a precise clinical case of ID.  Ophn-1 gene alterations, resulting in 
loss of function, cause a recognizable syndrome of moderate to severe X-linked 
mental retardation, myoclonic-astatic epilepsy, ataxia, strabismus, hypogenitalism 
and specific brain anomalies which include frontotemporal atrophy with rostral 
enlargement of the lateral ventricles, lower vermian agenesis and asymmetric 
cerebellar hypoplasia (Bergmann et al., 2003). In particular, males affected by this 
syndrome presented, as consistent feature, epileptic crisis, manifested as myoclonic 
seizures associated with absences and tonic-clonic seizures. Cartsen Bergmann and 
colleagues analyzed, also, the neuro-morphological consequences of loss of Ophn-
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1 in male patients with ID. The neuroradiological examination showed a frontally 
and temporally pronunced cerebral volume reduction with a widened 
interemispheric fissure. Beside that, also the lateral and third ventricle presented an 
increase of volume, while the fourth ventricle appeared normal. There was lower 
vermian agenesis and bilateral cerebellar hypoplasia with asymmetric involvement.  
Female carriers seem to be clinically hardly detectable since strabismus represented 
the only consistent character. While the mother shows normal intelligence, the only 
daughter exhibits impairments in verbal skills and moderate kinetic deficits, 
probably due to a skewed X-inactivation (Bergmann et al., 2003). 
 
5. The mouse model of X-linked ID 
5.1 Generation of Ophn1 Knock out mouse 
To observe and study the pathophysiology of ID Ophn- 1 related, Malik Khelfaoui 
and his coworkers have created a mouse model in which they inactivated the Ophn-
1 gene.  
In order to do this, they disrupted the open reading frame of the Ophn-1 gene by 
the insertion of 100 bp in the coding sequence of exon 9, which leads to premature 
stop codon after the BAR domain ( amino acids 1- 242) and before the GAP domain.  
The exon 9 was targeted by homologous recombination leading to the insertion of 
a phosphoglycerolkinase-hygromycin resistant gene cassette (Hygro) flanked with 
LoxP sites. The Cre recombinase catalyzed the deletion of sequences between LoxP 
sites and led to the removal of the selective cassette in the final Ophn-1 mutated 
allele. Therefore, they created chimeric mice, by aggregation into a C57BL/6 
blastocyst. The male chimeras, then, were crossed to C57BL/6 females from a 
transgenic line expressing the Cre recombinase early in development to generate 
N1 heterozygous females with a pure mutant allele deleted of the pgk-hygromycin-
resistan gene cassette. The residual 100bp sequence consists of one remaining LoxP 
site after excision by the Cre recombinase plus adjacent polylinker sequence from 






Figure 3: Scheme that represents the inactivation of Ophn-1 gene (Khelfaoui et al., 2007). 
 
5.2 Behavioral, social and cognitive impairments  
The strain generated was analyzed from a behavioral, social and cognitive point of 
view. Khelafoui et al. demonstrated that loss of Ophn-1 in mice recapitulates some 
of the human phenotypes such as behavioral, social and cognitive impairments, as 
well as the dilation of the cerebral ventricles.  
Phenotypic characterization showed that Ophn-1 -/y mice are hyperactive when 
exposed to a novel environment. No great differences were observed between 
mutant males and their wild-type (WT) in any anxiety-related variables as tested in 
elevated O-maze and light/dark box. However, the mutant males presented higher 
exploration scores in the center of the open field compared with control animals, 
suggesting that they were less anxious.  
Moreover, the KO mice showed a less aggressive behavior than WT mice, after 
introducing an intruder in their cage. 
Moreover, to study their capacity of learning and memorization, Morris water maze 
test was used, evidencing that Ophn-1-/y spent less time floating compared with 
19 
 
Ophn-1+/y ; moreover, the KO mice showed no preferences for the target quadrant 
during the probe trial, further demonstrating the spatial learning impairment 
(Khelfaoui et al., 2007). 
In contrast to human, there is no cerebellar hypoplasia in Ophn-1 -/y mice. The 
cerebellum is known to be involved in motor coordination but it also represents an 
essential node in the neuronal network (Philip et al., 2003). That opens the question 
whether or not the observed cerebellar anomalies in patients with mutations in 
Ophn-1 contribute to the ID phenotype. At first sight, the discordant cerebellar 
consequences between human and mice suggest that cognitive functions do not 
require a fully developed cerebellum. However to consolidate this hypothesis, 
additional investigations that demonstrate the absence in mice of functional 
cerebellar deficits, such as in connectivity and/or synaptic plasticity, are required 
(Khelfaoui et al., 2007). 
 
5.3 Neuroanatomy of Ophn-1 -/y mice 
About the anatomy of the KO mouse brain, it has been seen that the main character 
of these animals was the enlargement of lateral and third ventricles, shown in 70% 
of Ophn-1-/y ,whereas this phenotype was detected only in 10% of Ophn-1+/y mice. It 
has been observed that this enlargement was present in a mild way during the 
weaning period and so, this characteristic may worsen with age. However, KO mice 
show any other significant feature, macroscopically. Then, studying the histology 
of neuron in hippocampus and cortex, it has been found that the main changes 
involve the dendrite spines in both regions, stressing that, in KO mice, the loss of 
function of Ophn-1 leads to immaturity of dendritic spine in adult hippocampus, 
compared with WT animals. In particular, the percentage of thin, filopodia-like 
spines was increased at the expense of more mature mushroom spines (Khelfaoui 
et al., 2007). The same phenotype was found in cultured neurons following acute 






Figure 4: Golgi staining of CA1 pyramidal neurons with reduced spine density in Ophn-1 -/y 
(Khelfaoui et al., 2007) 
 
6. Ophn-1 intellectual disability and epilepsy  
It is known that the human phenotype of Ophn-1 ID-related is often associated with 
the presence of epileptiform behavior. Indeed, loss of function of Ophn-1 leads 
impairments in synaptic development and transmission, determining alterations in 
excitatory and inhibitory circuits. Many changes involve the hippocampus that, 
therefore, acquires a great relevance. 
 
6.1 Hippocampal network 
Hippocampus is a neural structure in the medial temporal lobe of the brain that has 
a distinctive, curved shape. It is formed by a series of narrow zones: the dentate 
gyrus, a tightly packed layer of small granule cells wrapped around the end of the 
hippocampus proper, Ammoni’s horn areas that include CA3, a very small zone 
called CA2, then CA1. After CA1 comes an area called the subiculum that 
establishes connections with the entorhinal cortex. 
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The hippocampal neural network is highly dynamic, with the capacity to modify its 
connectivity by changing the number and strength of synaptic contacts in an 
activity-dependent manner. Hippocampal principal neurons are located in these 
three regions: granule cells in the dentate gyrus (DG), and pyramidal neurons in 
CA1 and CA3. The principal neurons are synaptically connected to form the 
“trisynaptic circuit”. Mature and newborn granule cells receive their major synaptic 
input from the medial and lateral perforant path (MPP and LPP) that originate from 
the entorhinal cortex (EC). Granule cells send their axons (mossy fibers) that 
terminate on the proximal dendrites of CA3 pyramidal cells. CA3 pyramidal cells 
send axons (Schaffer collateral axons) to CA1 pyramidal cells, whose axons in turn 
projects back to the EC. Inhibitory interneurons (such as basket cells) provide a 
dense network of GABAergic synaptic boutons within the granule cell layer and 
subgranular zone, innervating both mature and newborn granule cells (Song et al., 
2012). 
 
Figure 5:  Schematic representation of Hippocampus. 
 
7. Epilepsy  
7.1 Definition  
“Epilepsy is a disorder of the brain characterized by an enduring predisposition to 
generate epileptic seizures and by the neurobiologic, cognitive, psychological and 
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social consequences of this condition. The definition of epilepsy requires the 
occurrence of at least one epileptic seizure” (International League Against 
Epilepsy). As word, epilepsy derives from the Greek word ἐπιλαμβάνειν (be caught 
out, be invaded), a term that well expresses the main features of epilepsy, such us 
the unpredictability and the interruption of the consciousness state. 
Epilepsy occurs in about 0-8% of the human population and is the most common 
acquired chronic neurological disorder. In developing countries, the incidence is 
even higher due to a likelihood of cerebral infection in children during primitive 
obstetric services, head traumas in adults resulting from impacts, and a general 
susceptibility of elderly population to seizures. Severity of epilepsy depends on 
factors such as age, race, genetics, and socioeconomic and other environmental 
factors. The exact etiology of epilepsy is not well understood, but any kind of insult 
to the brain depending on its severity has a potential to induce seizures which can 
later develop into epilepsy (Puttachary et al., 2014).  
A classification of epilepsy has been recently proposed by the International League 
Against Epilepsy, but it is always object of revision. There are two main seizure 
types: partial seizures and primary generalized seizures. Partial seizures develop 
from a localized area within the cerebral hemisphere. The nature of the signs and 
symptoms in most cases indicates the region of the brain involved by the epileptic 
process. Many different things can cause partial seizures, for example head injury, 
brain infection, stroke, tumor, or changes in the way an area of the brain was formed 
before birth (called cortical dysplasias). Many times, no known cause is found, but 
genetic factors may be important in some partial seizures. Partial seizures are 
designated as simple or complex. Complex partial seizures are associated with loss 
of consciousness. In simple seizures, the epileptic process is usually confined to 
neocortical structures, and the limbic system and brain stem are spared. Most 
simple seizures are less disabling than those associated with loss of consciousness. 
Partial seizures can spread and develop into generalized seizures. Primary 
generalized seizures originate simultaneously from both cerebral hemispheres, and 
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clinical manifestations involve both sides of the body. Hereditary factors are 
important in many of these seizures. 
Electroencephalography (EEG) is an essential component in the evaluation of 
epilepsy. The EEG provides important information about background EEG and 
epileptiform discharges and is required for the diagnosis of specific electroclinical 
syndromes. These EEG experiments permit to facilitate recordings of ictal events 
and to detect interictal epileptiform discharges. The term “ictal event” refers to the 
epileptic seizure itself, as identified clinically or electrophysiologically. The 
interictal event is definied as a period included between two seizures or ictal events. 
Interictal discharges are considered as a cluster characterized by specific 
parameters. 
 
8. Temporal Lobe Epilepsy 
Temporal lobe epilepsy (TLE) is the most common form of partial epilepsy. It 
accounts for approximately 60% of all patients with epilepsy. There are two types 
of temporal lobe epilepsy; one involves the medial or internal structures of the 
temporal lobe, while the second, called neocortical temporal lobe epilepsy, involves 
the outer portion of the temporal lobe. The most common version of these two is 
medial temporal lobe epilepsy. Medial temporal lobe epilepsy begins within the 
hippocampus and entorhinal cortex; individuals who have medial temporal lobe 
epilepsy have seizures with a temporal lobe origin. It accounts for almost 80% of all 
temporal lobe seizures.  
Medial temporal lobe epilepsy is also considered a syndrome, which means that a 
lot of different conditions can result in medial temporal lobe epilepsy. This form of 
epilepsy is considered one of the worst, because patients often exhibit drug 
resistance. 
TLE begins at the end of first or second decade, usually with identifiable causes for 
seizures. Conditions often associated include head trauma with loss of 
consciousness, injuries during early childhood and birth, brain malformations, 
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infections such as encephalitis or meningitis, and even some tumors within the 
temporal lobe. In a  subset  of these patients, the brain-damaging insult triggers a 
cascade of neurobiological  events  during  a  latency  period corresponding  to  
epileptogenesis,  which  leads  to  the occurrence  of  spontaneous  seizures  and  to  
the  diagnosis  of epilepsy.  Recent  experimental  and  human  studies  have shown  
that  in  some  patients  the  development  of  epilepsy does  not  stop  at  the  time  
of  diagnosis,  but  that  recurring seizures  may  contribute  to  progression  of  the  
disorder (Pitkänen, Sutula, 2002). Patients affected by TLE show seizures with 








8.1 Cellular and molecular mechanisms during epileptogenesis  
As we said before, a “silent” period precedes the occurrence of recurrent seizures. 
This period of latency appears to be associated with different cascades of molecular 
and cellular processes, a process referred as epileptogenesis. 
Hippocampus sclerosis is the main feature of TLE. It is a characteristic lesion that 
involves neuronal loss and gliosis in the hilus of the dentate gyrus and the  CA1  
and  CA3  regions and the association with epilepsy was  recognised  during  the  
early 19th century. There has been longstanding controversy about whether 
seizures are a cause or effect of hippocampal sclerosis, but  a  series  of  studies  from  
multiple  laboratories  during  the 1990s  provided  evidence  that  brief  seizures  
can  induce neuronal  loss (De Lanerolle et al, 2012). Examination of human epileptic 
tissues is essential for the extrapolation of data available from experimental models 
and to assess the significance of experimental evidence for human epilepsy. 
In sclerotic hippocampi, some pathological processes are observed. Anatomical 
changes include neuronal loss and damage, axonal sprouting of granule cells, glial 
activation and proliferation in Ammon’s horn. Functional changes consist of 
reorganization of the neural circuitry that favors the hyperexcitability of dentate 
granule cells and an alteration between excitatory and inhibitory circuits.  
 
8.2 Anatomical alterations  
Experimental data from many studies show that recurrent seizures cause neuronal 
damage in specific subfields of the hippocampus. The damage becomes more severe 
as the number of seizures increases and it is not restricted to the hippocampus but 
has also been detected in the amygdala and entorhinal cortex. Both necrotic and 
apoptotic mechanisms may contribute to damage; indeed, it has been observed an 
increase of pro-apoptotic factors, in particular the Caspase 3 protein (Henshall et al., 
2000). Furthermore, free-radical formation was recently identified as one molecular 
pathway contributing to neuronal damage. The first seizure, as an insult to the 
brain, causes excitotoxicity, neuroinflammation, and production of reactive 
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oxygen/nitrogen species (ROS/RNS). ROS and RNS produced during status 
epilepticus (SE) overwhelm the mitochondrial natural antioxidant defense 
mechanism. This leads to mitochondrial dysfunction and damage to the 
mitochondrial DNA. This in turn affects synthesis of various enzyme complexes 
that are involved in electron transport chain. These factors predispose the brain to 
spontaneous recurrent seizures (SRS), which ultimately establish into temporal lobe 
epilepsy (Puttachary et al., 2014). 
The damage includes an extensive loss of pyramidal neurons in the CA3 and CA1 
regions and changes in GABAergic interneurons. In addition to the loss of neurons 
in the TLE hippocampus, there is considerable evidence for the growth of new fiber 
systems or “sprouting.” The axonal sprouting is the growth of granule-cell axons or 
mossy fibers to the supragranular region and inner molecular layer of the dentate 
gyrus and is, usually, recognized by immunoistaining for Neuropeptide Y. Whether  
the  functional outcome  of  this  axonal  reorganisation  is  favourable (restoration  
of  synaptic  contacts)  or  unfavourable (promoting  increased  excitability  and  
progression  of epilepsy) is a key unresolved question( Pitkänen, Sutula , 2002). 
Several  studies  have  clearly  shown  that  brief  seizures induce synaptic 
remodeling and structural plasticity, altering dendritic  morphology of granule  
cells  in  the  dentate  gyrus  and  the cells  in  the  amygdala  and  hippocampus, 
that become  hypertrophied. 
Another feature of sclerotic hippocampus is the proliferation of astrocytes in 
Ammon’s horn, called gliosis. Changes in glial functions such as potassium 
buffering, pH regulation, transmitter uptake, and growth-factor production could 
have powerful effects on circuit excitability, which influences seizure susceptibility 





Figure 7:  Schematic representation of seizure-induced alteration (Puttachary et al., 2014) 
 
8.3 Functional alterations 
During the latent (silent) period of weeks or months following status epilepticus, 
numerous transcription factors and genes linked to cytoskeletal and synaptic 
reorganization are upregulated, which result in aberrant synaptic plasticity, leading 
to a reorganization in glutamate and GABA systems. This reorganization includes 
neurogenesis, synaptogenesis, and altered receptor subunit composition. 
Genomic analysis with microarrays has been performed to investigate the genetic 
background and the seizure-induced gene expression. It has been found that gene 
expression depended on the strain and differed in various brain areas. In general, 
the number of genes with increased or depressed expression was higher in the 
hippocampus than in the cerebellum. Furthermore, some genes were expressed 
only in a selective hippocampal region, whereas others were more widely expressed 
in all cellular layers. 
Within the genes, two transcription factors were more widespread in the 
hippocampal formation: c-fos and jun, involved in activity-dependent hippocampal 
signaling (Pitkänen, Sutula, 2002, Puttachary. et al., 2014, Schauwecker, 2002, 
Sandberg, et al., 2000, Myers et al., 1999). 
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One popular hypothesi of hyperexcitability coincident with epileptogenesis and 
emergence of seizures has been an imbalance between glutamate-mediated 
excitation and -aminobutyric acid (GABA)-mediated inhibition. It has been 
observed a facilitation in NMDA-dependent transmission (Najm et al., 2000) and 
alterations in GABAergic system. The hypothesis of an imbalance between 
excitation and inhibition predicts that an increase in recurrent excitatory synapses 
transforms normally ‘‘quiescent’’ neurons into an epileptogenic population, which 
facilitates seizure initiation and/or propagation of epileptiform activity (Bausch, 
2005).  
It is also well established the importance of GABA in the control of neuronal activity 
and in the suppression of epileptiform discharge. It is less clear the role of changes 
in the function of inhibitory systems: some of these changes may serve as 
compensatory role, providing increased protection against excess excitation, other 
changes however, may promote the epileptic state. 
 As shown in Fig.8 the excitatory synaptic reorganization in the epileptogenic 
hippocampus includes (a) glutamate synaptic potentiation and (b) mossy fiber 
sprouting, which can create novel excitatory pathways. There is also a synaptic 
reorganization in inhibitory systems, which may include (c) mossy fiber sprouting 
on inhibitory interneurons, (d) the reduction of excitatory drive on inhibitory 
neurons (“basket cell dormancy”), (e) selective loss of somatostatin-containing 
interneurons and reduced dendritic inhibition, (f) axonal sprouting of GABA/NPY-
containing interneurons, and (g) reduction of inhibitory drive on excitatory 
neurons. Some of these changes may be due to alterations of GABA receptor subunit 





Figure 8: An example of excitatory and inhibitory synaptic reorganization in the epileptogenic 
dentate gyrus. G: dentate granule cell, B: basket cell H: hilar mossy cell, PC pyramidal cell, msf: 
mossy fiber sprouting (Morimoto et al., 2004). 
 
8.4 Alterations in GABAergic system 
GABA is a principal inhibitory neurotransmitter in the mammalian central nervous 
system, producing inhibitory postsynaptic potentials (IPSPs) in both feedforward 
and feedback circuits. GABA receptors are generally classified into two subtypes; 
GABAA receptors mediate fast IPSPs via Cl-influx, and GABAB receptors are 
believed to function as presynaptic autoreceptors and mediate slow IPSPs via an 
increased K+ conductance 
GABA–producing inhibitory interneurons play essential roles in regulating cortical 
excitability and coordinating appropriate behaviors (Hunt et al., 2013). In 
hippocampus, interneuron dysfunction has been implicated in TLE and there is 
strong evidence for a variety of seizure-induced alterations in the function of 
GABAergic systems. It has been observed a loss or decrease of GAD65 positive 
interneurons in the hilus and stratum oriens of CA1 region (Esclapez e Houser, 
1999) and then an alteration in GABA receptor configuration. Numerous alterations 
in GABAergic systems have been proposed to compensate for the loss of GABAergic 
30 
 
neurons and thereby restore or increase inhibition. In the dentate gyrus, in addition 
to forming recurrent granule cell synapses, supragranular mossy fibers also synapse 
onto GABAergic neurons suggesting that GABAergic circuits are at least partially 
restored (Sloviter 1987).  
There is also evidence, from studies about human temporal lobe epilepsy, that 
GABA can have excitatory action and so contribute to human epileptiform activity 
(Cohen et al., 2002 Huberfeld et al., 2015). Through functional experiments it was 
observed that a spontaneous interictal-like activity is generated by tissue with 
hippocampal sclerosis. This activity is triggered by GABAergic cells in the 
subiculum, an output region of the hippocampus, normally innervated by CA1 
pyramidal cell axons. These data suggested that interictal discharge depended on 
both GABAergic and glutamatergic signaling. The depolarizing GABA resulted 
from a disturbed Cl- homeostasis in a minority of subicular pyramidal cells.  It  was 
suggested  that  the  depolarizing  GABAergic  response  might  be linked  to  a  
deafferentation  due  to  neuronal  loss  in  the sclerotic  CA1  region.  Possibly,  it  
was  argued  that  the  loss  of innervation  from  CA1  might  cause the regression 
of  post-synaptic  cells  to  earlier  stages  of  development  when  GABAergic reversal  
potentials  are  relatively  depolarized (Cohen et al., 2003).  
 
8.4.1 GABAergic interneurons 
Interneurons are GABAergic neurons, defined by the expression and release of 
GABA, the most important inhibitory neurotransmitter at cortical level. They are a 
heterogeneous population that includes different subtypes distinguished by 
morphology, biochemical and physiological properties and synaptic connections 
with glutamatergic neurons. In the hippocampus subgroups of GABAergic neurons 
innervate specific parts of excitatory neurons. This specificity indicates that 
particular interneuron subgroups are able to recognize molecules segregated on the 
membrane of the pyramidal and granular neurons.  
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The main role of GABAergic interneurons is to control the activity of principal 
excitatory cells, but they are also involved in other important processes such as 
cortical neurogenesis, proliferation, migration and cellular differentiation (Bausch, 
2005). 
Due to their heterogeneity interneurons classification is difficult. In according to 
Bausch, interneurons were classified for their terminal zones as well as their 
neuropeptide and calcium-binding protein expression. Interneurons expressing 
somatostatin (SS), neuropeptide Y (NPY), and calbindin (CB) were classified as 
dendritic interneurons, interneurons expressing parvalbumin (PV) and 
cholecystokinin (CKK) as perisomatic interneurons and finally interneurons 
expressing calretinin (CR) were classified as interneuron-selective interneurons. 
The main subtypes on which we focused are somatostatin, neuropeptide Y and 
parvalbumin. Somatostatin is a hormone peptide  that regulates the endocrine 
system. It  also modulates neurotransmission and cell proliferation via interaction 
with G protein-coupled somatostatin receptors and inhibition of the release of 
numerous secondary hormones. SS interneurons primarily provide input to 
dendritic regions of entorhinal cortex innervation, namely, the outer two-thirds of 
the dentate molecular layer, with denser innervation to the outer third, and stratum 
lacunosum-moleculare of CA1. Occasional SS synapses also have been found on 
hilar neurons, dentate granule cell somata, and in stratum oriens of CA1. 
Neuropeptide Y is a 36-amino acid neuropeptide that acts as a neurotransmitter in 
the brain and in the autonomic nervous system. The terminal fields of NPY 
interneurons exhibit partial overlap with SS, with dense innervation to the outer 
two-thirds of the dentate molecular layer and stratum lacunosum-moleculare of 
CA1 (Bausch, 2005). However, NPY interneurons also provide input to the stratum 
oriens and distal radiatum of CA1, as well as the granule cell layer and hilus, where 
postsynaptic targets are somata and dendrites of granule cells and presumed mossy 
cells (Freund, Buzsaki, 1996). Parvalbumin is a calcium binding albumin protein 
with low molecular weight. PV interneurons comprise a subset of basket and axo-
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axonic cells in the hippocampus and dentate gyrus. PV terminal fields are dense 
and located almost exclusively in the principal cell layers and proximal stratum 
oriens. PV interneurons connection are perisomatic; there are numerous PV 
boutons, presumably axonal endings covering the pyramidal cell bodies. The PV 
boutons also contact the axon initial segments and proximal dendrites of the 
pyramidal cells. Because of this anatomical connectivity PV cells exert a very 




Figure 9: Schematic representation of GABAergic interneurons (Bausch, 2005) 
 
9. Animal models of temporal lobe epilepsy 
The study of epileptogenesis requires an animal model that reflects the 
pathophysiological features of the human disease. Animals must fulfill at least the 
following criteria: 
1- the  hippocampus,  amygdala and  other  limbic  structures  must  play  a  central  
role in  the  symptomatology;  
2- it must reproduce the pattern  of  brain  damage and the reorganization of 
neuronal circuits; 
3- it  must  reproduce  the spontaneous  and  repetitive  seizures  of  the  temporal 
lobe type  that  are  the  hallmarks  of  epilepsy ( Ben-Ari, 1985). 
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Animal models of epilepsy do not provide all the complex etiologies and variety of 
syndromes that have been identified in humans. Nevertheless, because of similar 
features, experimental models have allowed the determination of the basic 
molecular and cellular mechanisms of epileptogenesis and its relation to brain 
damage. 
 
9.1 Kainic acid: an animal model of TLE 
One of the main methods used to induce seizures is the systemic or local 
administration of kainic acid (KA). Kainic  acid  (KA-in  Japanese  literally  the  ghost  
of the  sea)  was isolated  three  decades  ago  from  the seaweed  “Digenea  simplex” 
which  has  been extensively  used  in  post-war  Japan  to  eradicate  ascariasis. It is 
an agonist for kainate receptors (KARs) a type of glutamate ionotropic receptor 
(iGluRs). There are three main types of iGluRs: N-methyl-D-aspartate receptor 
(NMDARs),α-amino-3-hydroxy-5-methylisoxazole-4-propionatereceptor 
(AMPARs), and KARs, according to the types of synthetic agonists. The latter two 
subtypes are usually referred together as non-NMDA receptors. 
There are  five types kainate receptor subunits, GluR5 (GRIK1), GluR6 (GRIK2), 
GluR7 (GRIK3), KA1 (GRIK4) and KA2 (GRIK5), which are similar to AMPA and 
NMDA receptor subunits and can be arranged in different ways to form a tetramer, 
a four subunit receptor. GluR5-7 can form homomers and heteromers, however, KA1 
and KA2 can only form functional receptors by combining with one of the GluR5-7 
subunits (Dingledine et al., 1999). KARs perform this function through different 
mechanisms that include postsynaptic depolarization at a subset of excitatory 
synapses, presynaptic modulation of both excitatory and inhibitory transmission, 
refinement of synaptic strength during development, and enhancement of neuronal 
excitability (Contractor et al., 2011). In hippocampus different studies suggest that 
CA3 pyramidal neurons are particularly susceptible to the epileptogenic action of 
KA. Indeed, the stratum lucidum region of CA3 (projection area of the mossy fibers) 
is highly enriched with high-affinity KA-binding sites. Low concentrations of KA 
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strongly depolarize CA3 pyramidal cells to generate spontaneous epileptogenic 
discharge in this hippocampal area. The depolarization induced by the direct 
activation of GluR6-containing KARs by low KA concentration in CA3 pyramidal 
cells is likely the primary effect of KA when it reaches the hippocampus after 
systemic administration. (Vincent, Mulle, 2009). Therefore, it has been hypothesized 
that the CA3 region is the pacemaker for the generation of synchronized activity 
that subsequently propagates to CA1 and other brain regions: the activation of CA3 
recurrent collateral synapses generates synchronized network-driven glutamatergic 
currents that propagate to other hippocampal regions (Ben-Ari, Cossart, 2000). 
Systemic administration of KA gives rise to sustained limbic seizures lasting for 
several hours (1–2 days) characterized by wet-dog shakes, facial and forelimb 
clonus, and rearing and falling. After a few days or weeks without any ictal activity 
(seizure-free period), a high proportion of animals surviving such an attack exhibits 
a chronic phase of spontaneous recurrent limbic seizures with increasing frequency 




Figure 10: Molecular structure of Kainic acid and schematic representation of glutamate 
ionotropic receptors.  
 
KA-induced seizures produce patterns of activity-induced neuronal cell loss and 
astrogliosis that closely resemble the neuropathology (“hippocampal sclerosis”) 
characteristic of TLE in humans. Hippocampal sclerosis most frequently involves 
extensive loss of CA1 and CA3 pyramidal cells and interneurons of the dentate 
35 
 
hilus, with relative sparing of dentate granule cells (Nadler et al., 1978 and Ben-Ari, 
1985). In both human and in models of TLE, mossy fibers originating from granule 
cells make aberrant synapses leading to the formation of a functional recurrent 
excitatory circuit among granule cells (axonal sprouting). This is thought to 
participate, at least in part, in the reduction of the threshold for granule cell 
synchronization, thus facilitating the generation of epileptiform activity in the 













AIM OF THE STUDY  
The aim of this study was to investigate whether the loss of function of Ophn-1 
could alter inhibitory hippocampal circuitry and enhance seizure propensity. I used 
several experimental approaches (neuroanatomy, in vivo electrophysiology and 
behavior) to characterize the epileptic phenotype of Ophn-1 KO mice. Functional 
analysis was conducted by EEG recordings in order to identify possible alterations 
in hippocampal network activity in KO mice compared to WT. Histological analysis 
was also used to study the main subtypes of GABAergic interneurons in the hilus 
of Ophn-1+/y and Ophn-1-/y hippocampi. In particular, we analyzed the stereological 
distribution of parvalbumin-, somatostatin- and NPY-positive cells. Finally, an 
analysis of seizure susceptibility has been performed through intraperitoneal 
injection of kainic acid, a glutamate agonist. This experiment allows to test the 
hypothesis of a greater susceptibility to evoked seizures in in Ophn-1-/y animals and, 














MATERIALS AND METHODS 
 
1. Animals 
The animals used for all experiments belong to the species Mus musculus, strain 
C57BL/6-J. Every effort was made to minimize the number of animals and their 
suffering and the experimental design and all procedures were in accordance with 
the guidelines of Italian Ministry of Health for the care and use of laboratory 
animals. Mice were housed in cages in a controlled environment (21°C and 60% of 
humidity) with 12 hour/12 hour light/dark cycle, with food and water available ad 
libitum. All experiments were performed using Ophn-1−/y knock-out (KO) mice and 
Ophn-1+/y wild-type (WT) littermates of two months of age, generated by breeding 
heterozygote females (Ophn-1+/−) with WT males (Ophn-1+/y). Since the Ophn-1 gene 
is located on X chromosome, only male mice were used for our experiments because 
they developed the X-linked ID, while female are not-affected carriers. 
 
2. Genotyping 
The genotyping has the objective to distinguish WT from KO mice and was 
performed by PCR analysis on small samples of tail tissue taken from pups at P7. 
Each sample was incubated overnight in 0.5 ml of lysis buffer and 3.6 μL of 20 
mg/mL Proteinase K at 56°C. The lysis buffer contains salts and detergents. Salts 
regulate the acidity and osmolarity of the lisate, while detergents are added to break 
up membrane structure, with this composition:  
- TRIS HCl pH 8.5, 100 mM; 
- EDTA, 5 mM; 
- SDS, 0.2%; 
- NaCl, 200 mM; 
- distilled water   
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The proteinase K is an enzyme able to digest proteins and, in particular, to inactivate 
nucleases that might degrade DNA during purification. 
The extraction of DNA was made with this procedure: samples were centrifuged at 
13000 rpm for 10 min at room temperature (RT) to leave proteins on the bottom and 
to obtain the supernatant. After that, 0.5 mL isopropanol was added to the 
supernatant, the tubes were inverted a few times in order to reveal the precipitation 
of DNA and then samples were centrifuged at 13000 rpm for 10 min at 4°C so that 
DNA can lay down (sediment). After removing the supernatant, pellets were 
washed with ethanol 70% and samples were centrifuged again at 13000 rpm for 10 
min at 4°C. The DNA pellet was finally resuspended in 300 microL of TRIS-EDTA 
buffer (TE) 1X to stabilize DNA. 
The genotype was next revealed through PCR analysis performed on all samples 
with a positive control (heterozygote female) and a negative control (reagents 
without DNA). Each sample of DNA (2 μL) was amplified in a total volume of 25 
μL with: 
- 1 μL for each primer, Forward (F: 5’-GCCCATGTTGTGAGCAGAGAAATC) 
and Reverse (R; 5’-GGAAGCTAGAGGATGACCCT); 
- 12.5 μL of Ready Mix that contains Taq DNA polymerase, 99% pure 
deoxynucleotides and buffer in a 2x optimized reaction concentrate; 
- 8.5 μL of distilled water. 
The protocol is characterized by three processes: 
- a first denaturation phase at 95°C for 3 min; 
- 35 cycles of amplification, composed by 3 steps at 94 °C, 55°C and 72°C, 30 
seconds each; 
- a final step of incubation at 72 °C for 10 min. 
After amplification, all samples were run in agarose gel (1.5%), in TRIS-Borate-




Analysis of the results was performed using Chemidoc XRS System (Biorad), that 
allows to visualize the bands of our interest by UV illumination (fig. 11): 
- Ophn-1+/y animals have a 400 bp band; 
- Ophn-1−/y animals have a 500 bp band; 
- Ophn-1+/− female animals have both strips. 
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                 400 bp 
 
 
Figure 11: PCR analysis on agarose gel. KO animals present only one 500 bp band; WT animal 




Electrophysiology has been used to study the electrical activity in the hippocampal 
circuitry and identify possible functional alterations. 
 
3.1 Placement of electrodes 
Under avertin anaesthesia (0.1 mL/g), after placement the mouse in a stereotaxic 
apparatus, the skull was exposed and burr holes were drilled, paying attention not 
to damage the dural surface. Stereotaxic implantation of the bipolar electrode into 
the dorsal hippocampus was made at the following coordinates with respect to 
bregma: 2 mm antero-posterior, 1.5 mm medio-lateral and 1.7 mm below the dura. 
The bipolar electrode was formed of two enamel-insulated nichrome wires (120 
μm). These wires were cut in order to have two end points with a distance of 0.5 
mm that allows to integrate the electrical signal coming from two nearby regions of 
the hippocampus: the longer end from the dorsal blade of dentate gyrus while the 
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shorter from the CA1 region. The voltage difference between the two ends was 
measured and compared with the ground electrode. Indeed, a screw was placed on 
the occipital bone over the cerebellum and connected with the ground electrode. 
Electrodes were then connected to a multipin socket and secured to the skull by 
acrylic dental cement. During surgery, the connector was held by an adjustable 
manipulator. 
 
3.1 EEG recordings 
EEG recordings were carried out in freely moving mice for 1 h every three days 
between 10 a.m. and 6 p.m. and care was taken to record each animal at the same 
time of the day. Signals were amplified (10.000 fold), band- pass filtered (3-100 Hz), 
digitized (National Instruments Card) and conveyed to a computer for a storage 
and analysis. The electroencephalogram (EEG) analysis to detect spontaneous 
seizures was performed with custom software written in LabView (National 
Instruments, Milan, Italy). The program first identified epileptiform spikes in the 
EEG using a voltage threshold. This voltage threshold was set to 4 times the 
standard deviation of the EEG signal (determined in a period devoid of spike 
activity), a value that allows a discrimination between normal and pathological 
activity (see Antonucci et al., 2009). Spontaneous recurrent seizures (SRS) were 
defined as spike clusters lasting for more than 4 s, with an inter-spike interval less 
than 1 sec. Clusters lasting less than 4 s and isolated spikes were considered as 
interictal events. For each recording session, we determined the frequency of SRS 




4. Brain preparation 
Animals were sacrificed to extract brain tissues after intracardiac perfusion with 
Paraformaldehyde 4% solution. This process allows to fix brain tissues, preserving 
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cells integrity and morphology by a prompt arrest of autolysis processes and the 
conferral of structural stability to the chemical components of the cytoplasm.  
 
4.1 Fixative solution  
Paraformaldehyde solution (4% in distilled water) was used to fix brain tissues. 
Stock solution at 8% was prepared by dissolving the opportune weight of 
paraformaldehyde powder in distilled water under a chemical hood. Solubilization 
was favored by heating the solution up to 55 °C, while stirring. To end the 
procedure, solution were clarified by adding NaOH 10N (2.5 drops every 100 mL). 
The clarified solution was stored at RT and preserved at 4 °C. The stock was, then, 
diluted at 4% with 0.2 M phosphate buffer, pH 7.4. 
 
4.2 Fixative procedure 
Briefly, mice were deeply anesthetized with overdose of chloral hydrate (10.5%, in 
saline); the deep state of anesthesia was assessed by verifying the absence of reflexes 
after pinching the tail and the digits of the animal. Then, mice were positioned on a 
surgery table under chemical hood and a rapid thoracotomy was performed to 
expose the heart.  
After that, the descendent aorta was clamped with hemostatic pincers, to restrict 
passage of the fixative to the superior circulation. A sharpened needle was 
connected to a peristaltic pump, regulated on a flux speed of 40 mL/min, and 
inserted into the left ventricle to allow passage of the fixative. The right atrium was 
pinched to allow flowing out of the fixative solution. 
Before the fixative administration, blood vessels were washed with phosphate 
buffer saline (PBS, 0.1 M) until the all blood was completely removed. Finally, at 
least 50 mL of paraformaldehyde at 4% was administered, permitting the fixation 
of tissues. At the end of the process, the skull was carefully opened to expose the 
whole dorsal face of the brain. After assessing the good result of the perfusion by 
evaluating the white aspect of tissues and the absence of clots, the entire brain was 
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gently removed with a surgical spoon. Finally, isolated brains were post-fixed for 2 
hours and then transferred in a solution with high concentration of sucrose (30% in 
distillated water) to be dehydrated.  
 
5. Immunohistochemistry 
Brain coronal sections (50 microns) were obtained using a freezing microtome. 
Sections were cut in anteroposterior way, in a serial order, and kept in culture wells, 
in PBS solution at 4°C. One of every six sections were selected to perform 
immunohistochemical analysis. The procedure is the same for all staining: free-
floating sections were blocked for 1h at RT with serum and Triton X-100 in PBS to 
block nonspecific proteins (also called reactive sites) that are similar to the cognate 
sites on the target antigen. Slices were, then, incubated over night at 4°C in a 
solution that contains the primary antibody directed against the interested 
molecule, serum, Triton and PBS to permit the bond between specific antigen and 
antibody. After three washing in PBS, each one for 10 minutes, the primary antibody 
was revealed through the addition of a solution containing the secondary antibody 
conjugated with a fluorescent molecule directed against the species in which the 
primary antibody was producted, serum, Triton and PBS for 2h at RT. Three 
washings in PBS were once again performed and then the sections were positioned 
on microscope slides and covered by a coverslip. 
The markers used for our experiments were parvalbumin (PV), somatostatin (SOM) 
and neuropeptide Y (NPY). 
Immunohistochemistry for PV and SOM were made together, in order to obtain a 
double staining on the same slices. Free floating sections were blocked for 1h at RT 
with 10% normal goat serum (NGS), 0.3% Triton and PBS. Slices were, then, 
incubated overnight at 4°C with anti-PV and anti-SOM primary antibodies 
(respectively guinea pig, 1:1000, and rabbit, 1:1000), 2% NGS, 0.2% Triton and PBS. 
The primary antibodies were revealed by incubation for 2h at RT with secondary 
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antibodies (respectively anti-guinea pig dy 488, 1:500, and anti-rabbit Rhodamine 
Red X, 1:500) diluted in 1% NGS and 0.1% Triton and PBS. 
For NPY labeling, we blocked the specific sites with 10% NGS, 0.3% Triton in PBS. 
Free-floating sections were, then, incubated overnight at 4°C with anti-NPY 
primary antibody (rabbit polyclonal, 1:5000), 2% NGS, 0.1% Triton and PBS. To 
reveal the primary antibody, we incubated the slices with the secondary antibody 
anti-rabbit Rhodamine Red X (1:500) with 1% NGS, 0.1% Triton and PBS. 
 
6. Anatomical analysis 
Anatomical analysis was aimed the quantitative study of the main GABAergic 
interneurons, identifying possible changes between Ophn-1−/y knock-out (KO) mice 
and Ophn-1+/y wild-type (WT) littermates. 
  
6.1 Stereological quantification 
Stereology was used to analyze the labeled cells in the whole hippocampus, along 
its antero-posterior axis, in particular in the hilus of dentate gyrus. All cells were 
counted in blind conditions with respect the genotype. I used a fluorescence 
microscope (Zeiss Axioskop) with a 20x objective (air, 0.50 NA) and 
Stereoinvestigator software (MicroBrightField) that allows the analysis of several 
parameters, as the area of the region of interest, and the count of labeled cells. 
For each staining, the stereological counts were performed every six sections 
summing all positive cells per animal and multiplying it by 6 (spacing factor). 
Assuming that labeled cells were homogenously distributed along the antero-
posterior axis of hippocampus, this spacing factor allows a general representation 
of the cellular density of the entire hippocampus.  
 
6.2 Analysis of NPY fibers density 
The NPY immunostaining allows us to analyze the NPY overexpression by mossy 
fibers in the hilus and CA3 region of KA injected animals. Representative images of 
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dorsal hippocampus (4 sections per animal), including hilus, CA3 region and corpus 
callosum, were acquired using the fluorescent microscope Zeiss Axioskop with 10x 
objective (air, 0.25 NA). Settings such as light intensity, gain and contrast were kept 
constant for all images. Acquired data were converted in 8-bit black and white 
images with Adobe Photoshop and the quantification was performed with 
MetaMorph software (Molecular Devices). Three/four regions of interests were 
drawn within each area to calculate fluorescence intensity. NPY staining was 
calculated within the entire mossy fibers pathway (from the hilus to the CA3 
region), whereas the background was calculated over the corpus callosum. For each 
region, mean fluorescence intensity was determined; then, the density values were 
calculated as the ratio between the NPY-specific signal in the mossy fibers (hilus 
and CA3) and the nonspecific background (corpus callosum). The values obtained 
were averaged in order to have a single value for animal and then were evaluated 
using a statistical analysis.  
 
6.3 Analysis of perisomatic PV boutons 
The representative images of perisomatic PV boutons were acquired with Leica 
confocal microscope, using a 63x objective (oil, 1,40 NA). Settings for laser intensity, 
gain, offset, and pinhole size were optimized initially and held constant through the 
all acquisitions. Each confocal image consists of the z axis-projection of 4 confocal 
sections taken every 2 μm. Stacks of images were collected and merged together 
with Adobe Photoshop to produce a final image in which we finally applied a 
median filter in order to reduce the nonspecific background. Perisomatic PV 
boutons around putative cell somas were counted using ImageJ software and 
expressed as the number of boutons per cell soma. For each animal, bouton densities 
from at least 10 cell soma were averaged. 
7. Kainic acid injection and behavioral observation 
Behavioral analysis of seizures was performed using systemically injection of 10 
mg/kg kainic acid (KA, Sigma) in PBS. For each animal, behavior was scored every 
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10 min for a period of 2 h after KA administration, according to a defined seizure 
rating scale, the modified Racine’s scale (Bozzi and Borrelli 2000, Costantin et al., 
2005):  
- stage 0, normal behavior; 
- stage 1, immobility; 
- stage 2 forelimb and/or tail extension, rigid posture;  
- stage 3 repetitive movements, head bobbing;  
- stage 4, sporadic clonus of forelimbs with rearing and falling (LMS Limbic 
Motor Seizures); 
- stage 5, generalized clonus with continuous rearing and falling (status 
epilepticus); 
- stage 6 severe tonic-clonic seizures; 
- stage 7 death. 
Two weeks after KA injection mice were sacrificed to analyze the anatomical 
damage induced in the hippocampus by KA injection. In particular, we assessed the 
loss of interneurons (PV, SOM and NPY) and the overexpression of NPY by the 
mossy fibers pathway, as described above. 
 
8. Statistical analysis 
Statistical analysis was performed using Sigmaplot 11.0 software (Systat Software 
Inc. Chicago, IL), considering the value of significance at p = 0.05. Data normally 
distributed are summarized by mean ± SEM. T-test and one-way ANOVA analysis 
were used to compare the quantitative phenotypes between mice of different 
groups. Two-way repeated measure ANOVA was used when we need to compare 
more than one factor per group. When data  were not normally distributed, we used 
Mann-Whitney Rank Sum test and the respective values were summarized by box 





1. EEG recordings 
To investigate the association between intellectual disability and epilepsy, we 
performed in vivo recordings of local field potentials from hippocampus of Ophn-
1-/y and control animals. Freely moving animals (KO, n = 6; WT, n = 5) at the age of 
two months were implanted in the hippocampus with the bipolar electrode and 
recorded for 1 h every three days (fig. 12a). By using the parameters described above 
(see materials and methods section), we identified all epileptiform spikes and spike 
clusters based on a voltage threshold. The analysis of epileptiform alterations was 
done considering four important parameters, each one expressed as the mean over 
a period of 10 m (the duration of a single acquisition file). In particular, we analyzed 
the frequency of seizures and interictal events, the time spent in seizures and their 
mean duration.  
We found an overall hippocampal EEG alteration in KO mice with respect to WT 
(fig.12b). Altogether, 5 out of 6 KO animals displayed seizures (Fig. 12c), and the 
average seizure frequency was 0.6 per 10 min of recording. Basically no seizures 
could be detected in control animals. The difference between controls and KO mice 
was statistically significant (fig. 12c Ophn-1+/y: 0.046 ± 0.032, n = 5 Ophn-1−/y: 0.562 ± 
0.236, n = 6; Mann-Whitney Rank Sum Test, p = 0.030). 
Next, we assessed the time spent in seizures, that is the sum of the duration of the 
single ictal events for 10 min of recording. As expected, we found that KO mice 
spent a longer time in seizures in comparison to the control group (fig. 12d; Ophn-
1+/y: 0.195 ± 0.136 seconds, n = 5; Ophn-1−/y: 3.233± 1.356 n = 6; Mann-Whitney Rank 
Sum test, p = 0.030). Since only Ophn-1-/y animals displayed seizures, we measured 
the mean duration of the single epileptic events of this group and we found that the 






Figure 12: Hippocampal hyperexcitability in Ophn-1 KO mice. a) Schematic of experimental 
protocol. b) Representative images of EEG recordings in WT and KO animals. c) Number of seizures 
per 10 min of recording in WT (n=5) and KO (n=6) animals. Seizure frequency is significantly 
enhanced in KO animals (Ophn-1+/y: 0.046 ± 0.032; Ophn-1−/y: 0.562 ± 0.236 Mann- Whitney Rank Sum 
test, p = 0.030). d) Time spent in ictal activity per 10 min of recording. KO animals significantly spent 
more time in seizures than control animals (Ophn-1+/y: 0.195 ± 0.136; Ophn-1−/y: 3.233± 1.356; Mann-
Whitney Rank Sum test, p = 0.030). e) Mean duration of EEG seizures. f) Number of interictal events 
per 10 min of recording. Interictal activity is significantly higher in KO animals compared to WT 
(Ophn-1+/y: 15.61 ± 2.094; Ophn-1−/y: 31.81 ± 5.54; t-test, p = 0.033). Statistical significance, *p < 0.05. 
All data are shown as mean ± SEM. 
 
Finally, we analyzed the frequency of interictal events in both groups of WT and 
KO mice, and also in this case, we found higher frequencies of interictal clusters in 
KO mice in comparison to WT (fig. 12f; Ophn-1+/y: 15.61 ± 2.094, n = 6; Ophn-1−/y: 
31.81± 5.54 n = 5; t-test, p = 0.033).  
Our data showed that Ophn-1-/y mice display hippocampal hyperexcitability, 
highlighted by the presence of spontaneous seizures. 
 
2. Anatomical analysis of GABAergic hippocampal interneurons 
On the basis of the functional data, we asked whether the spontaneous seizures 
observed in KO mice were associated to anatomical alterations. To test this 
hypothesis, we performed immunohistochemical experiments to visualize the main 
populations of hippocampal GABAergic interneurons and a possible difference 
between KO and WT animals. Sections were selected in order to obtain the 
anatomical representation of the entire hippocampus (see methods) and all the 
quantifications were performed within the hilus of the dentate gyrus. 
 
2.1. PV interneurons 
Parvalbumin is a calcium binding albumin protein located in the cytoplasm of 
GABAergic interneurons. In the hippocampus, PV-positive cells are mostly located 
in the hilus and within the stratum oriens of CA1 and CA3 regions. The stereological 
counts of the PV-positive cells located in the hilus revealed a normal numbers of 
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these interneurons both in WT and KO mice (fig. 13a,b; Ophn-1+/y: 680.4 ± 84.7, n = 
6; Ophn-1−/y: 612 ± 106.6, n = 5; t-test, p > 0.05). 
 
Figure 13: State of inhibitory system in the DG of hippocampus: PV. a) The confocal images report 
examples of PV labeling in WT and KO mice. Scale bar: 200 µm. b) Number of PV positive cells in 
WT (n=6) and KO (n=5). No significantly difference was found between the two groups (Ophn-1+/y: 
680.4 ± 84.7; Ophn-1−/y: 612 ± 106.6; t-test, p > 0,05). All data are shown as mean ± SEM. 
 
Next, we also analyzed the perisomatic PV terminals (PV boutons) onto the soma of 
granule cells of dentate gyrus (fig. 14a,b). Interestingly, we found higher numbers 
of presynaptic PV boutons in Ophn-1-/y compared to the control group (fig. 14; 




Figure 14: Perisomatic PV terminals. a) Confocal images report examples of PV boutons in WT and 
KO animals. b) The quantification showed higher numbers of PV terminals per soma in KO animals 
compared to WT Mann-Whitney Rank Sum test, p < 0,001). The data were summarized by box chart, 
where the horizontal lines denote the 25th, 50th, 75th, percentile values, whereas the square indicates 
the mean. 
 
2.2. SOM interneurons 
Somatostatin is a hormone peptide  that regulates the endocrine system and 
modulates neurotransmission. In the hippocampus it is located in GABAergic 
interneurons of the hilus and stratum oriens (CA1 and CA3). The results of 
immunohistochemical labeling with anti-SOM antibody demonstrated that the 
number of SOM-positive cells was similar for both groups, WT and KO mice (fig. 




Figure 15: State of inhibitory system in the DG of hippocampus: SOM. a) The confocal images 
report examples of SOM labeling in WT and KO mice. Scale bar: 200 µm b) Number of SOM positive 
cells in WT (n=6) and KO (n=5). No significantly difference was found between animals (Ophn-1+/y: 
853 ± 138.5; Ophn-1−/y: 1053.6 ± 162.9; t-test, p > 0.05). Data are shown as mean ± SEM. 
 
2.3. NPY interneurons 
NPY is expressed by GABAergic hippocampal interneurons in the hilus and stratum 
oriens (CA1 and CA3). Immunohistochemical reactions were performed on 
hippocampal sections in KO and WT animals to investigate the population of 
GABAergic interneurons expressing NPY. The results indicate that KO mice 
showed a reduced number of NPY interneurons in the hilus respect to WT mice 
(fig.16 a,b; Ophn-1+/y: 1534 ± 56.1, n = 4; Ophn-1−/y: 1286 ± 27.7, n = 3; t-test, p =0.017). 
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Figure 16: State of inhibitory system in the DG of hippocampus: NPY. a) The confocal images 
report examples of NPY labeling in KO and WT mice. Scale bar: 200 µm b) Number of NPY positive 
cells in WT (n=4) and KO (n=3). The data show that there is a significant impairment concerning the 
number of NPY positive cells in Ophn-1−/y mice respect to Ophn-1+/y (Ophn-1+/y: 1534 ±56.1; Ophn-
1−/y: 1286 ± 27.7; t-test, p = 0.017). Statistical significance, *P < 0.05. All data are shown as mean ± SEM. 
 
This anatomical analysis demonstrated that the loss of function of Ophn-1 produced 
a reduction of NPY-positive cells without affecting the populations of PV and SOM 
interneurons in hippocampal hilus. We also detected an increased density of PV-






3. Analysis of seizure susceptibility 
The results shown in the previous section indicate an altered GABAergic 
innervation of hippocampal circuitry in Ophn-1−/y mice, possibly related to the 
epileptiform alterations shown by EEG experiments. We therefore decided to 
investigate also susceptibility to evoked seizures by using the model of KA 
administration, a glutamatergic agonist. In particular, Ophn-1+/y and Ophn-1-/y 
animals were intraperitoneally injected with KA (10mg/kg, a dose that usually is 
not sufficient to induce generalized convulsions in a normal mouse) and observed 
behaviorally for a period of 2 h. 
The analysis based on Racine’s scale (see methods) allowed the study of the time 
course of the behavioral response to KA (fig 17a). Both WT and KO mice showed 
pre-convulsive behaviors during the first hour of observation, exhibiting 
immobility (stage 1), sharing and tail extension (stage 2), repetitive movements and 
head bobbing (stage 3). During the second hour, while the group of WT animals 
never showed neither LMS nor tonic-clonic seizures, five out seven KO mice 
exhibited LMS with rearing and falling with forelimb clonus and praying posture 
(stage 4-5). Moreover, in the last 30 minutes one KO animal showed so serious tonic-
clonic seizures to lead him to death (stage 7). Progression of clinical signs was very 
different in KO mice respect to WT. Indeed, the trajectory in behavioral score in KO 
treated mice was significantly different from that of WT (fig. 17a; Two way repeated 







                                                                               
Figure 17: Behavioral analysis of KA-injected Ophn-1+/y and Ophn-1-/y mice. a) Progression of 
behavioral changes after systemic KA administration (10 mg / kg i.p.) in WT (n=8) and KO mice (n=7) 
over a 2 h observation period. Data show an increased susceptibility to KA-induced seizures in KO 
mice (Two Way repeated measure ANOVA, p < 0.0001). All data are shown as mean seizure scores 
± SEM. b) Maximum seizure score reached from each animal during 2 h. Data show that there is a 
significantly difference between WT and KO with typical limbic motor convulsions in KO mice 
(Ophn-1+/y: 3 ± 0; Ophn-1−/y: 4.42 ± 0.52; Mann-Whitney Rank Sum test, p = 0.02). Statistical difference: 
*P < 0.05, **P < 0.01, ***P < 0.001. 
 
The results of behavioral analysis were also summarized as described in fig. 17b, 
that is the maximum seizure score reached from each animal during the 2 hours of 
observation after KA administration. KA triggered typical limbic motor convulsions 
in 5 out 7 KO treated animals (stages 4, 5 and 7) but not in WT mice (fig. 17b; Ophn-
1+/y: 3 ± 0, n = 8; Ophn-1−/y: 4.42 ± 0.52. Mann-Whitney Rank Sum test, p = 0.02). 
 
 
4. Long term histopathology of Ophn-1+/y and Ophn-1-/y KA-treated 
mice  
Two weeks after KA administration, we performed immunohistochemical 
experiments to reveal possible neuronal damage and neurophatological alterations 
induced by the KA epileptic effect (fig. 18a). In order to analyze GABAergic cellular 
loss and NPY upregulation, we used the same antibodies described before 
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(parvalbumin, somatostatin and NPY), and we measured their distribution in the 
hilus along the whole hippocampus. 
Immunostaining for PV and the relative stereological counts showed a significant 
reduction in the number of interneurons in KO animals respect to WT after KA 
induced-seizures (fig. 18a,b; Ophn-1+/y: 961 ± 111.4, n = 6; Ophn-1−/y: 489 ± 77.2, n = 4; 
t-test, p = 0.015).  
 
Figure 18: State of inhibitory system in the DG of hippocampus after KA injection: PV. a) 
Schematic of experimental protocol. b) Confocal images report examples of PV labeling after KA in 
KO and WT mice. Scale bar: 200 µm c) Number of PV positive cells post KA injection in WT (n=6) 
and KO (n=4). The data show that there is a significant reduction in the number PV positive cells in 
Ophn-1−/y respect to Ophn-1+/y mice (Ophn-1+/y: 961 ± 111.4; Ophn-1−/y: 489 ± 77.2; t-test, p=0.015). 




Next, we looked at the SOM-positive cells and we found a tendency to reduction of 
SOM interneurons in KA-treated Ophn-1-/y animals (fig. 19a,b; Ophn-1+/y: 1361 ± 
191.3, n = 6; Ophn-1−/y: 826.5 ± 122.4, n = 4; t-test, p > 0.05).  
 
Figure 19: State of inhibitory system in the DG of hippocampus after KA injection: SOM. a) 
Confocal images report examples of SOM labeling after KA injection in KO and WT mice. Scale bar: 
200 µm b) Number of SOM positive cells post KA in WT (n=6) and KO (n=4). The data show that 
there is a tendency to reduction in the number SOM positive cells in Ophn-1−/y mice respect to WT 
animal (Ophn-1+/y: 1361 ± 191.3 n=6; Ophn-1−/y: 826. 5 ± 122.4; t-test, p > 0.05). All data are shown as 
mean ± SEM. 
 
Finally, the immunostaining for NPY revealed an extensive loss of interneurons in 
KO mice compared to WT, indicating that the higher seizure scores of KA-treated 
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Ophn-1-/y animals were simultaneously accompanied by loss of hilar neurons (fig. 
20a,b; Ophn-1+/y : 1517 ± 89.8, n = 6; Ophn-1−/y: 844.5 ± 143, n = 4; t-test, p = 0.003). 
 
Figure 20: State of inhibitory system in the DG of hippocampus after KA injection: NPY. a) 
Confocal images report examples of NPY labeling after KA injection in KO and WT mice. Scale bar: 
200 µm b) Number of NPY positive cells post KA in WT (n=6) and KO (n=4). The data show that 
there is a significant reduction in the number NPY positive cells in Ophn-1−/y mice respect to WT 
animal (Ophn-1+/y; 1517 ± 89.8; Ophn-1−/y: 844.5 ± 143; t-test, p = 0.003). Statistical significance, **P < 
0.01. All data are shown as mean ± SEM. 
 
Interestingly, we found an upregulation of NPY immunoreactivity in the mossy 
fibers pathway in 2 out 3 KO mice but not in WT treated with KA. The quantitative 
analysis of NPY labelling in the hilus and CA3 region of KA-treated mice is still 
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ongoing (fig.21a,b; hilus : Ophn-1+/y  1  1.43 ± 0.031; Ophn-1−/y: 1.59 ± 0.177; t-test p > 
0.05; CA3: Ophn-1+/y : 1.53 ± 0.065; Ophn-1−/y: 1.61 ± 0.198; t-test, p > 0.05). 
Altogether, these results demonstrated that the loss of function of Ophn-1 caused 
higher susceptibility to KA induced-seizures and that this was accompanied by 
neuropathological alterations such as GABAergic interneurons reduction and NPY 
upregulation. 
 
                                                                                                                                                                                                   
Figure 21: NPY upregulation: a) Confocal images report the effect of KA on NPY mossy fibers 
overexpression in KO (n=3) respect to WT (n=3) animals. b) Quantitative analysis of NPY labeling in 
the hilus and CA3 region reveal no significantly difference between WT and KO animals (hilus : 
Ophn-1+/y  1  1.43 ± 0,031; Ophn-1−/y: 1.59 ± 0.177; t-test p > 0.05; CA3: Ophn-1+/y : 1.53 ± 0.065; Ophn-






It is known that mutations in Ophn-1 affect circuit formation, with consequent 
cognitive impairment and network hyperexcitability, but the cellular mechanisms 
remain still incompletely understood. The aim of the thesis is to investigate whether 
the loss of function of Ophn-1 could alter inhibitory hippocampal circuitry and 
enhance seizure propensity. First of all, to establish a correlation between 
intellectual disability and epilepsy, we performed in vivo recordings of local field 
potentials from hippocampus of Ophn-1-/y and control animals. Our data showed 
that Ophn-1-/y mice display hippocampal hyperexcitability, highlighted by the 
presence of spontaneous seizures. In the literature, only few electrophysiological 
reports are available concerning synaptic transmission in slices from Ophn-1-/y mice 
(Powell et al., 2012, 2014). These data can be useful to understand the possible causes 
underlying the epileptic phenotype.  
Through whole-cell patch clamp recordings Jefferys and his coworkers found 
changes in both spontaneous and evoked EPSCs (excitatory post-synaptic currents) 
and IPSCs (inhibitory post-synaptic currents) in the hippocampus of Ophn-1-/y 
animals.  
Regarding excitatory neurotransmission, a smaller amplitude of evoked EPSCs has 
been observed in Ophn-1 -/y   vs. Ophn-1 +/y     neurons.  For what concerns spontaneous 
EPSCs, a decrease in their frequency but not amplitude was detected in Ophn-1 -/y 
slices. Similar data were obtained for what concerns the inhibitory 
neurotransmission: a reduction in evoked IPSCs amplitude and spontaneous IPSCs 
frequency, but not in spontaneous IPSCs amplitude (Powell et al.). The reduction of 
spontaneous IPSCs frequency without alteration of amplitude suggested that the 




These results can be surprising because on the basis of the epileptic phenotype in 
vivo, we could expect an increase in glutamatergic currents. One hypothesis is that 
hyperexcitability is due to an imbalance in the ratio between excitatory and 
inhibitory activity with a higher reduction of inhibitory vs excitatory currents.  
Additional studies were performed on the inhibitory system to dissect potential 
impairments.  It is known that oligophrenin-1 is implicated in regulation of synaptic 
vesicle availability at synapses (Nakano-Kobayashi et al., 2014, Kasri et al., 2009). 
Therefore, it has been tested whether alterations in the rapid dynamics of synaptic 
plasticity could explain the reduced inhibitory neurotransmission.  Using repetitive 
high frequency stimuli, it has been observed a facilitation of inhibitory currents in 
Ophn-1 +/y neurons that is absent in Ophn-1 -/y (see Figure 22).  
 
Figure 22: Reduced facilitation in response to high frequency stimulation in IPSCs of Ophn-1 -/y 
mice (grey trace) (Powell et al., 2014). 
 
It has been found that the origin of this presynaptic malfunction results from a 
difference in the readily releasable pool (RPP) of synaptic vesicles. The RPP is 
significantly smaller in KO animals compared to WT, corresponding to a smaller 
number of vesicles in the RRP. The reduction in RRP does not alter the mean 
amplitude of the first IPSC which means that the probability of releasing single 
vesicles is significantly greater in Ophn-1−/y neurons. The reduction in RRP size 
without change in the first IPSC amplitude shows that Ophn-1−/y synapses can 
function normally in response to minimal stimulation paradigms, but fail in 
response to higher stimulation frequencies/intensities. This consideration could 
explain the alterations associated with epileptiform activity. Indeed, a high 
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frequency stimulation can simulate the beginning of an epileptic discharge, and 
under these conditions WT slices appear to react with an upregulation of inhibitory 
currents leading to an immediate reduction of excitability. In contrast, the 
presynaptic deficits observed in Ophn-1 -/y GABAergic interneurons make more 
difficult to buffer the increase in excitation induced by the presence of the seizures. 
This could lead to a significantly increase of excitatory activity that manifests with 
diffuse hyperexcitability and seizure spread. 
Furthermore, it has been examined the effect of a ROCK inhibitor (Y-27632) in the 
rescue of synaptic deficits. Acute inhibition of ROCK reverses the abnormalities 
caused by Ophn-1 -/y silencing, increasing both the amplitude of evoked IPSCs and 
the frequency of spontaneous IPSCs (Powell et al., 2012). Based on these in vitro 
results, it could be interesting to check whether a similar pharmacological treatment 
can abolish enhanced seizure propensity of Ophn-1 KO mice in vivo.  
Lack of oligophrenin-1 leads also to a reduction in dendritic tree complexity and 
mature dendritic spine density. Specifically, the density of filopodia is increased 
while the density of mature, mushroom spines is decreased (Khelfaoui M. et al., 
2007). Based on these observations, we could hypothesize that alterations in 
neurotransmission are also associated with changes in spine morphogenesis.  
Next, we focused on inhibitory system with the aim of detecting possible 
impairments in KO mice. It is known from other works (Blatt et al. 2001, Blatt and 
Fatemi 2011, Sgadò et al. 2013, Begenisic et al. 2014, Chao et al. 2010) that GABAergic 
interneurons are strongly implicated in different forms of intellectual disabilities, in 
particular in autism, Down and Rett syndromes.  Structural and functional 
abnormalities of GABAergic interneurons might represent the anatomical substrate 
of an unbalanced excitation/inhibition ratio. Indeed, in all of these 
neurodevelopmental disorders, it has been observed dysfunction in inhibitory 
system almost always associated with altered learning and memory and impaired 
social behavior. In particular, it has been found a loss in the number of interneurons 
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accompanied by a reduction in GABA neurotransmitter release and changes in the 
GABAA receptors density. These deficits lead to a decrease of GABAergic neuronal 
function that could be the origin of hyperexcitable network activity. The anatomical 
analysis demonstrated that the loss of function of Ophn-1 produced a reduction of 
NPY-positive cells. Thus, Ophn-1 seems involved, also, in the normal formation of 
the inhibitory circuitry. Previous data in the literature have shown that Ophn-1 mice 
have  deficits  in  both  excitatory  and  inhibitory  synaptic  transmission  in  the 
hippocampus (Powell et al., 2012). Interestingly, these alterations can be rescued by 
acute bath  application  in  slices  of  a  ROCK  inhibitor.  
To further investigate the impairments in GABAergic transmission, the analysis of 
perisomatic PV boutons, interestingly, revealed an increased density of PV-positive 
terminals around DG cell somas. How can we explain these results? First, we can 
speculate that the system tends to buffer baseline hyperexcitability by increasing 
GABAergic markers. This has been previously observed in the hippocampus of 
mice with temporal lobe epilepsy (Schwarzer, Sperk, 1995). An alternative could be 
represented by the possible excitatory action of GABA. It is known that, during the 
critical period, GABA signaling exerts a depolarizing and mainly excitatory action, 
fundamental for early physiological maturation of various brain areas. Indeed, 
immature neurons accumulate Cl- intracellularly via the Na+-K+-2Cl− (NKCC1) 
cotransporter, resulting in a net depolarizing efflux of Cl− ions upon GABAA 
receptor opening. Conversely, in adolescent and adult animals, cotransporter K+-
2Cl− (KCC2) is mostly expressed, lowering the intracellular Cl- concentration [Cl]I 
and converting GABAAergic transmission to inhibitory (Deidda et al, 2015). Recent 
reports have highlighted a persistence of excitatory GABA in mouse models of 
autism and Down’s syndrome (Deidda et al. 2015, Lemonnier and Ben-Ari, 2010). 
Through Western blotting experiments, the expression of KCC2 and NKCC1 
cotransporters may be assessed, determining if there is a change in their levels 
during the adult period. Furthermore, a functional analysis using bumetanide, a 
diuretics drug with a great affinity for NCCK1 could be performed (Löscher et al, 
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2013). Indeed, bumetanide crosses the blood-barrier and effectively shifts the 
reversal potential of GABA converting GABAA signaling to hyperpolarizing. 
Bumetanide could be chronically delivered to determine whether hampering 
depolarizing GABA may rescue cognitive deficits (Morris water maze, open field 
tests), spine alterations (Golgi staining) and spontaneous recurrent seizures (EEG 
recordings) in Ophn-1 KO mice.  
Finally, an analysis of seizure susceptibility has been performed through 
intraperitoneal injection of kainic acid, a glutamate agonist. This experiment allows 
to test the hypothesis of a greater susceptibility to evoked seizures in in Ophn-1-/y 
animals and, after two weeks, to analyze the neuronal damage induced by epileptic 
activity. Systemic administration of KA in rodents has been widely used and 
characterized to study the behavioral, anatomical, cellular, and genetic bases of 
glutamate neurotoxicity (Ben Ari, 1985, Ben Ari and Cossart, 2000, Bozzi et al., 2000, 
Costantin et al., 2005). It is considered one of the main experimental models to test 
the higher susceptibility to seizures of neuronal circuits. We used a low dose of 
kainate because it is known that Ophn-1 -/y mice present spontaneous recurrent 
seizures and the data obtained are consistent with this consideration. Indeed, the 
results of behavioral analysis showed that KA triggered typical motor convulsions 
in almost all of KO mice, but not in WT animals. Furthermore, progression of clinical 
signs was very different in KO mice respect to WT and the trajectory in behavioral 
score in KO treated mice presented a significantly difference compared to WT. 
Finally, we performed immunohistochemical experiments two weeks after KA 
administration to reveal possible neuronal damage and neurophatological 
alterations induced by the KA epileptic effect. KA-evoked seizures result in 
neuronal cell loss in restricted subfields of the hippocampal formation (Ben-Ari, 
1985). It is known that CA3 pyramidal neurons (projection area of the mossy fibers) 
are highly enriched with high-affinity KA-binding sites. For this reason, we 
evaluated the histopathological effects produced by KA through immunostaining 
for NPY that permits to identify the axonal sprouting on the mossy fibers pathway 
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and the neuronal loss (Antonucci et al., 2008). The data revealed an extensive loss 
of interneurons in KO mice compared to WT, indicating that the higher seizure 
scores of KA-treated Ophn-1-/y animals were simultaneously accompanied by loss 
of hilar neurons. This loss of inhibitory cells could potentially be due either to the 
degeneration of GABAergic neurons, or to a downregulation of their specific 
markers. Additional experiments are needed to distinguish between these two 
possibilities. We found also an upregulation of NPY immunoreactivity in the mossy 
fibers pathway in 2 out 3 KO mice but not in WT treated with KA. 
A reduction has been observed also in another subtypes of GABAergic 
interneurons; labeling for PV and the relative stereological counts showed a 
significant reduction in the number of interneurons in KO animals respect to WT 
after KA induced-seizures. 
No significantly changes has been revealed for SOM immunostaining, although 
SOM positive cells presented a tendency to decrease in Ophn-1 -/y treated mice. 
 
The stereological quantification has revealed a difference in the number of PV and 
SOM positive cells in the WT naïve condition, compared to WT animals after KA. 
In particular, we have observed a greater number of PV and SOM (but not NPY-
positive) interneurons after KA injection. We can explain these data as artifacts due 
to histological processing, since PV and SOM immunostaining was performed in 
histological sections from naïve WT and KO mice that were stored for long time in 
cryoprotectant solution. This may have caused a loss of immunoreactivity, in 
comparison to sections from KA-treated animals that were processed immediately 
after microtome sectioning. Importantly, we are confident in the quality of the 
results since sections from WT and KO mice were always processed simultaneously. 
However, we cannot reliably compare PV and SOM staining in KA vs naïve 
conditions.  For this reason, we preferred to separate the data related to the naive 
state of inhibitory system from the results obtained after KA administration.   
65 
 
In summary, these results demonstrate that the loss of function of Ophn-1 affects 
the adult hippocampal circuitry causing functional, anatomical and behavioral 
alterations. These alterations could be the basis of the enhanced seizure propensity 
and the cognitive deficits observed in Ophn-1-related ID. Using these  results  as  a  
start  point,  it  will  be possible to focus on molecular mechanisms underlying the 
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Ringrazio Matteo per aver sopportato tutte le mie prese in giro e per sopportarmi 
tutte le volte che continuerò a farlo, perché spero abbia capito che lo faccio solo 
con chi voglio bene e stimo. 
Ringrazio Antonella per quella volta in cui sconsolata sono venuta a bussare alla 
tua porta e capii subito che volevo venire a vivere con te. Vivere insieme non è mai 
semplice ma non potevo desiderare coinquilina con più fissazioni ma soprattutto 
amica sincera e affidabile. Grazie quindi per avermi fatto sentire sempre come se 
fossi a casa. 
Ringrazio Silvia per tutte le litigate che ci siamo fatte, per gli schizzi sullo specchio, 
i piatti mai abbastanza puliti e le porte sbattute e per quel giorno in cui abbiamo 
deciso di mettere da parte le discussioni e conoscerci veramente per quello che 
siamo. Ti ringrazio soprattutto per questi ultimi mesi, per aver lottato con me, in 
tutti i sensi. 
Ringrazio Valentina per i primi anni trascorsi sempre insieme, per il mio primo 
esame universitario, quando dal fondo dell’aula alzavi i pollici per dirmi che stavo 
andando alla grande, per le lezioni di fisica a cui non siamo mai andate, il sale agli 
angoli della porta, le patate che non volevi mai condividere, le canzoni di Bob 
Marley prima degli esami e per quei due anni al secondo piano di via Istria. Grazie 
per avermi ascoltata sempre, soprattutto per aver ascoltato le paranoie delle 8 di 
mattina e aver dato anche risposta sensata e per aver cercato sempre di tirarmi su 
il morale. 
Ringrazio Giovanni per gli anni passati insieme, per essere stato il mio punto di 
riferimento, una persona su cui poter contare sempre. Stare con te mi ha cambiata 
e migliorata e questo grazie alla tua positività, ottimismo e generosità d’animo che 
ti rendono una delle persone più belle che conosca. Ciao essere speciale, ti auguro 
di trovare una persona che sappia prendersi cura di te come meriti. 
Ringrazio te, che avrai letto tutti i ringraziamenti chiedendoti quando sarebbe 
arrivato il tuo turno. Ti ho lasciata per ultima perché meriti un ringraziamento 
speciale. Perché te, Camilla, sei uno dei doni più belli che la vita potesse farmi: una 
vera amica. Un’amica come quelle che si vedono nei film, che conosci da piccola, 
con cui cresci insieme e condividi tutti i momenti. Ti ringrazio per esserci stata 
sempre nella mia vita, per averlo fatto con il cuore e non per dovere. Ti sono 
infinitamente riconoscente per tutto, anche per cose che non sai nemmeno di aver 
fatto. Preferisco rimproverarti perché fumi troppo, prenderti in giro per la tua 
mania di farti selfie e commentare ogni tua foto con una simpatica offesa piuttosto 




Grazie Pisa.                            
“È in un giorno di pioggia che ti ho conosciuta, 
il vento dell'ovest rideva gentile 
e in un giorno di pioggia ho imparato ad amarti 
mi hai preso per mano portandomi via.” 
 
